The spread of extended-spectrum-␤-lactamase (ESBL)-producing Enterobacteriaceae (ESBL-E) is leading to increased carbapenem consumption. Alternatives to carbapenems need to be investigated. We investigated whether ␤-lactam/␤-lactamase inhibitor (BLBLI) combinations are as effective as carbapenems in the treatment of bloodstream infections (BSI) due to ESBL-E. A multinational, retrospective cohort study was performed. Patients with monomicrobial BSI due to ESBL-E were studied; specific criteria were applied for inclusion of patients in the empirical-therapy (ET) cohort (ETC; 365 patients), targeted-therapy (TT) cohort (TTC; 601 patients), and global cohort (GC; 627 patients). The main outcome variables were cure/improvement rate at day 14 and all-cause 30-day mortality. Multivariate analysis, propensity scores (PS), and sensitivity analyses were used to control for confounding. The cure/improvement rates with BLBLIs and carbapenems were 80.0% and 78.9% in the ETC and 90.2% and 85.5% in the TTC, respectively. The 30-day mortality rates were 17.6% and 20% in the ETC and 9.8% and 13.9% in the TTC, respectively. The adjusted odds ratio (OR) (95% confidence interval [CI]) values for cure/improvement rate with ET with BLBLIs were 1.37 (0.69 to 2.76); for TT, they were 1.61 (0.58 to 4.86). Regarding 30-day mortality, the adjusted OR (95% CI) values were 0.55 (0.25 to 1.18) for ET and 0.59 (0.19 to 1.71) for TT. The results were consistent in all subgroups studied, in a stratified analysis according to quartiles of PS, in PS-matched cases, and in the GC. BLBLIs, if active in vitro, appear to be as effective as carbapenems for ET and TT of BSI due to ESLB-E regardless of the source and specific species. These data may help to avoid the overuse of carbapenems. (This study has been registered at ClinicalTrials.gov under registration no. NCT01764490.)
T he spread of extended-spectrum ␤-lactamases (ESBLs) in Enterobacteriaceae (ESBL-E) has become a serious public health problem worldwide (1) (2) (3) . Carbapenems are considered the drugs of choice for treating severe infections caused by ESBL producers according to observational studies (1) (2) (3) . This is leading to an increased consumption of carbapenems, which is particularly worrisome in a scenario where carbapenemase-producing organisms are spreading rapidly (4, 5) . The search for alternatives to carbapenems for infections caused by ESBL producers is therefore a clinical priority.
ESBLs are inhibited by ␤-lactamase inhibitors (1) . Although hyperproduction of ␤-lactamases or additional resistance mechanisms may hamper the activity of these compounds, ␤-lactam/␤-lactamase inhibitor combinations (BLBLIs) such as amoxicillin-clavulanate (AMC) or piperacillin-tazobactam (PTZ) remain active against a considerable proportion of ESBL-E in many areas of the world (6) (7) (8) (9) (10) (11) . However, the efficacy of BLBLIs for treating serious infections caused by ESBL-E is controversial (11) (12) (13) .
Designing and executing observational studies comparing the efficacy of different antimicrobials for infections caused by multidrug-resistant bacteria presents specific challenges. In fact, most studies published to date in this field have important drawbacks that seriously challenge their validity; some recommendations for improving the quality of observational studies in this field have been published (14) .
We hypothesize that BLBLIs are noninferior to carbapenems for the treatment of bloodstream infections (BSI) due to ESBL-E, regardless of the source of the BSI or the Enterobacteriaceae species. Using advanced observational methods and an international effort, the objective of this study was to evaluate whether BLBLIs were as efficacious as carbapenems for the treatment of BSI due to diverse ESBL-E from different sources.
MATERIALS AND METHODS
Study design and patients. The INCREMENT project (ClinicalTrials.gov identification no. NCT01764490) is a retrospective international cohort study including consecutive patients with clinically significant BSI due to ESBL-or carbapenemase-producing Enterobacteriaceae from January 2004 to December 2013. The overall objective of INCREMENT is to evaluate the efficacy of different antimicrobial drugs and regimens; 37 tertiary hospitals from 12 countries experienced in identifying ESBL-or carbapenemase-producing Enterobacteriaceae and collecting data from patients with BSI participated. This analysis was reported according to the STROBE recommendations (see Table S1 in the supplemental material) (15) .
For this analysis and in accordance with the prespecified registered plan, patients with clinically significant monomicrobial BSI due to ESBL-E were included, provided that they received monotherapy with an active BLBLI (AMC, PTZ, or ampicillin-sulbactam [AMS]) (including those with intermediate susceptibility according to CLSI criteria [16] ) or a carbapenem (including imipenem, meropenem, doripenem, and ertapenem). Data for patients were collected from charts for up to 30 days after the diagnosis of BSI; if needed, patients or relatives were contacted by phone, and mortality registers were consulted.
We constructed 3 nonmutually exclusive cohorts in order to analyze the impact of empirical and targeted therapies (ET and TT, respectively), as follows. The impact of empirical therapy was investigated in the empirical-therapy cohort (ETC), which included the patients who received monotherapy with either a BLBLI or a carbapenem that began within the first 24 h after blood cultures were taken and continued for at least 48 h (except for patients who died in Յ48 h, who were included if they received at least 1 complete day of therapy). The impact of targeted therapy was investigated in the targeted-therapy cohort (TTC), which included the patients who received a BLBLI or a carbapenem as monotherapy once the susceptibility profile was available; the targeted drug must have started in Յ5 days and been administered for at least 50% of the total duration of therapy (except for patients who died while on targeted therapy, who were included if they received at least 1 complete day of therapy). Finally, the impact of maintaining or changing the empirical therapy was investigated in the global cohort (GC), which included any patient who received either empirical or targeted monotherapy with a BLBLI or a carbapenem with the above criteria if they survived for at least 72 h (and therefore had the possibility of receiving targeted therapy). In the GC, the reference regimen for comparison was empirical and targeted therapy with a carbapenem.
The INCREMENT project was approved by the Spanish Agency of Medicines (AEMPS; code JRB-ANT-2012-01) and the Hospital Universitario Virgen Macarena Institutional Review Board (code 1921); the need to obtain written informed consent was waived. Approval was also obtained at participating centers according to local requirements.
Variables and definitions. Data collected from all patients included demographics, nosocomial or community acquisition, underlying conditions and their severity using the McCabe classification (17) , severity of acute condition at BSI presentation according to the Pitt score (18) , source of BSI according to clinical and microbiological data, severe sepsis or septic shock before administration of therapy (19) , antimicrobial therapy, clinical response, mortality, and length of stay after BSI. All timedependent variables were measured with regard to the day when the blood cultures were drawn (considered day 0). Enterobacteriaceae were identified using standard microbiological techniques in each participating center. ESBL production was screened in all isolates with diminished susceptibility to cephalosporins and confirmed according to standard procedures; 2012 CLSI recommendations were used for susceptibility interpretation (16) . For isolates obtained before 2012, MICs were reviewed and the susceptibility category was assigned accordingly; for 27 isolates (19 from patients treated with carbapenems and 8 from patients treated with BLBLIs), the MIC was not available or the available data showed a MIC equal to or below the older susceptibility breakpoint; these were considered susceptible if so reported by the local laboratory. Selected isolates from each center had been characterized by PCR and DNA sequencing using established methods. Nosocomial acquisition was considered when infection symptoms started Ͼ48 h after hospital admission or within 48 h of hospital discharge. Otherwise, the case was considered community onset. Times refer to the day when the blood culture that diagnosed BSI was taken. Antimicrobial therapy administered before the susceptibility results were available was considered empirical; therapy administered thereafter was considered targeted. Therapy with a BLBLI or a carbapenem was considered monotherapy if no other drug with intrinsic activity against Gram-negative organisms-including penicillins, cephalosporins, monobactams, fluoroquinolones, aminoglycosides, trimethoprim-sulfamethoxazole, fosfomycin, and colistin-was coadministered, irrespective of isolate susceptibility.
The main outcome variables were clinical response at day 14 and 30-day mortality. Clinical response was classified as cure, improvement, or failure. Clinical cure was defined as the resolution of all signs and symptoms related to the infection, with no further need for antibiotic therapy; improvement was defined as partial control or resolution of signs and symptoms related to the infection or complete resolution but continued on antibiotic therapy; and failure was defined as a clinical situation qualified as similar to or worse than the one at the bacteremia diagnosis or death due to any cause. Clinical response was dichotomized as cure/improvement versus failure.
Statistical analysis. Separate analyses were performed for the 3 cohorts. A propensity score (PS; the probability of receiving therapy with a BLBLI) was calculated for each cohort as previously described (11); all the models obtained for propensity scores had an area under the receiver operating characteristic curve (AUROC) of Ն0.80. The PS was used in 3 ways: (i) as a covariate in multivariate analysis; (ii) to stratify the cohorts according to quartiles of the PS; and (iii) to match patients so that each patient who received treatment with a BLBLI was matched with one who received treatment with a carbapenem using calipers of a width equal to 0.2 of the standard deviation of the logit of the propensity score.
Multivariate analyses for clinical response were performed using logistic regression to control for confounding. For mortality, because proportional hazards assumptions were not fulfilled as shown by Kaplan-Meier plotting, a Cox regression analysis could not be performed, and therefore, logistic regression was also used. Variables with P values of Ͻ0.2 in the bivariate analysis were introduced into models. Interactions between therapy with BLBLIs or carbapenems and other variables were explored and were included if they caused a significant modifying effect. The Akaike information criterion (AIC) (20) was used to select the final models. Sensitivity analyses were performed by investigating the effect of BLBLI versus carbapenem therapy in specific subgroups of interest. The center effect was analyzed by including individual or grouped centers in the multivariate analysis. Additionally, a meta-regression analysis considering the geographical regions (Spain, other Mediterranean countries, and the rest of the world) was performed; the odds ratios (OR) and 95% confidence intervals (CI) for mortality in the geographical clusters and overall were calculated using a random effect model. Comparisons of matched cohorts were performed by conditional logistic regression. The analyses were performed using R software (version 3.0.1) and SPSS 15.0 software.
RESULTS
The INCREMENT database includes 1,005 patients with BSI due to ESBL-E. Two hundred seventy-eight patients did not fulfil the criteria for inclusion in this analysis; 22 of them were excluded because they died before receiving at least one complete day of therapy. Eleven of them were treated with BLBLIs (10 with PTZ and 1 with AMC), and 11 with carbapenems (10 with meropenem and 1 with imipenem). Including these patients in the analysis did not change the results. Three hundred sixty-five, 601, and 627 patients from 30 centers were included in the ETC, TTC, and GC groups, respectively (see Fig. S1 in the supplemental material). The number of cases per center in the GC ranged from 4 to 50. A total number of 207 cases from the GC were characterized by PCR amplification of bla ESBL genes. The most frequent ESBLs produced by the isolates were CTX-M, in 160 cases (77.3%; 42 CTX-M-15, 27 CTX-M-1, 31 CTX-M-14, 18 CTX-M-9, 2 CTX-M-2, 1 CTX-M-1 and 39 nonspecified CTX-M enzymes), SHV-type in 22 cases (10.6%), and TEM-type in 25 cases (12.1%).
Empirical-therapy cohort. The ETC included 365 patients: 170 received empirical therapy with a BLBLI (PTZ in 123 cases, AMC in 45, and AMS in 2), and 195 with a carbapenem (meropenem in 128 cases, imipenem in 35, and ertapenem in 32). Among the 172 patients treated empirically with PTZ, the isolate was susceptible to this antibiotic in 126 (73.2%); this was the case for 41 of 68 (60.3%) receiving AMC and for 3 of 10 (30%) receiving AMS. The isolates were susceptible to carbapenems in all patients treated with these antimicrobials.
The characteristics of patients by treatment type are shown in Table 1 . The most frequent dose regimens were as follows: for PTZ, 4 g piperacillin/0.5 g tazobactam every 8 h (4/0.5 g q8h) (47% of patients) and 4/0.5 g q6h (18%); for AMC, 1/0.2 g q8h (73.6%); for imipenem, 0.5 g q6h (40%) and 0.5 g q8h (29%); for meropenem, 1 g q8h (65%) and 1 g q12h (20%); and for ertapenem, 1 g q24h (84%). The cure/improvement rates at day 14 were 78.9% for carbapenems and 80.0% for BLBLIs (absolute difference, 1.0%; 95% CI, Ϫ7.3% to 9.2%; P ϭ 0.81). The univariate analysis of variables associated with cure/improvement is shown in Table S2 in the supplemental material.
The PS-adjusted OR of empirical therapy with BLBLIs for cure/improvement was 1.03 (95% CI, 0.54 to 1.96; P ϭ 0.9); when other potential confounders were added, including targeted therapy, the adjusted OR was 1.37 (95% CI, 0.69 to 2.76; P ϭ 0.37) ( Table 2 ). The addition of individual or grouped centers did not change the results. The sensitivity analysis in specific subpopulations (Fig. 1A) showed that the effects of empirical therapy with BLBLIs were similar irrespective of etiology, presentation with severe sepsis or shock, source, or specific antibiotics used.
The mortality rates among patients empirically treated with carbapenems versus BLBLIs were similar (20% versus 17.6%; absolute difference at day 30, Ϫ2.4%; 95% CI, Ϫ10.2% to 5.80%; P ϭ 0.6 by log-rank test) ( Fig. 2A and Table 1 ). Univariate analysis of variables associated with 30-day mortality is shown in Table  S3 in the supplemental material. The PS-adjusted OR of empirical therapy with BLBLIs for 30-day mortality was 0.72 (95% CI, 0.37 to 1.38; P ϭ 0.32). When other potential confounders were added, it was 0.55 (95% CI, 0.25 to 1.18; P ϭ 0.14) ( Table  3) . A meta-regression analysis considering the geographical regions (Spain, other Mediterranean countries, and the rest of the world) did not show significant differences between BLBLIs and carbapenems (see Table S4 and Fig. S2) .
We then performed a stratified analysis according to the quartiles of the PS; no significant differences in cure/improvement or mortality rates were shown, but it should be noted that the number of cases treated empirically with BLBLIs in the first stratum was low (Table 4) . Finally, we performed a PS-based matched analysis; we could match 100 pairs of patients treated empirically with BLBLIs or carbapenems according to the PS; the matched patients did not show significant differences in exposure to variables related to empirical therapy (see Table S5 in the supplemental material); the cure/improvement and mortality rates among patients treated empirically with BLBLIs or carbapenems were 78% and 77% (P ϭ 0.87) and 17% and 23% (P ϭ 0.29), respectively; the Kaplan-Meier curves for survival in propensity score-matched patients are shown in Fig. S3 .
Targeted-therapy cohort. The TTC included 601 patients: 92 received targeted therapy with a BLBLI (32 AMC and 60 PTZ), and 509 received a carbapenem (205 ertapenem, 185 meropenem, 118 imipenem, and 1 doripenem). The characteristics of patients by treatment type are shown in Table 1 . The most frequent dose regimens were as follows: for PTZ, 4/0.5 g q6h (40.0%) and 4/0.5 g q8h (43.3%); for AMC, 1/0.2 g q8h (59.4%) and 2/0.5 g q8h (12.5%); for imipenem, 0.5 g q6h (49.1%) and 0.5 g q8h (20.3%); for meropenem, 1 g q8h (50.8%), 1 g q12h (15.1%) and 1 g q24h (9.2%); and for ertapenem, 1 g q24h (84.3%).
The cure/improvement rates at day 14 were 90.2% and 85.5% for carbapenems and BLBLIs, respectively (P ϭ 0.22; absolute difference, 4.7%; 95% CI, Ϫ3.5% to 10.3%). Univariate analysis of variables associated with cure/improvement is shown in Table S6 in the supplemental material.
The PS-adjusted OR of targeted therapy with BLBLIs for cure/ improvement was 1.39 (95% CI, 0.55 to 3.82; P ϭ 0.44); when other potential confounders were added, the adjusted OR was 1.61 (95% CI, 0.58 to 4.86; P ϭ 0.38) ( Table 2 ). The addition of individual or grouped centers did not change the results. The results of sensitivity analysis in specific subpopulations are shown in Fig. 1B and showed no trend for different outcomes; some subpopulations, including patients with etiology other than Escherichia coli, patients with urinary source only, and AMC-treated patients only in the BLBLI group, were not considered due to very low numbers of events.
The mortality rates among patients who received targeted therapy with carbapenems or BLBLIs were similar (9.8% versus 13.9%; absolute difference at day 30, Ϫ2.4%; 95% CI, Ϫ10.2% to 5.80%; P ϭ 0.28 by log-rank test) (Fig. 2B and Table 1 ). Univariate analysis of variables associated with 30-day mortality is shown in Table S7 in the supplemental material. The PS-adjusted OR of targeted therapy with BLBLIs for 30-day mortality was 0.65 (95% CI, 0.23 to 1.65; P ϭ 0.86). When other potential confounders were added, it was 0.59 (95% CI, 0.19 to 1.71; P ϭ 0.35) ( Table 3) . Meta-regression analysis considering geographical regions did not show significant differences (see Table S8 and Fig. S4 ).
The stratified analysis performed according to the quartiles of the PS only had a meaningful number of patients for quartiles 3 and 4; in these, no significant differences in cure/improvement or mortality rate were shown (Table 4) . We could only match 55 pairs of patients receiving targeted treatment with BLBLIs or carbapenems according to the PS; the matched patients did not show significant differences in exposure to variables related to therapy (see Table S9 in the supplemental material); the cure/improvement and mortality rates among patients treated with BLBLIs or carbapenems were 89.1% and 83.6% (P ϭ 0.40) and 7.3% and 16.4% (P ϭ 0.14), respectively; the Kaplan-Meier curves for survival in propensity score-matched patients are shown in Fig. S5 .
Global-therapy cohort. Overall, 627 patients were included in the GTC; 156 received empirical and targeted therapy with a carbapenem, 152 received empirical therapy with a BLBLI and targeted therapy with a carbapenem, 63 received empirical and targeted therapy with a BLBLI, 225 received empirical therapy with a drug other than a carbapenem or a BLBLI and targeted therapy with a carbapenem, and 31 received empirical therapy with a drug other than a carbapenem or a BLBLI and targeted therapy with a BLBLI. The baseline features of the patients in each group are shown in Table 5 . The 14-day cure/ improvement rates were 87.7%, 85.5%, 87.3%, 84.9%, and 90.3%, 21; intra-abdominal, 20; pneumonia, 12; skin, 7; vascular, 7; other, 1. e Other sources included unknown, 27; vascular, 19; intra-abdominal, 16; pneumonia, 10; skin, 5; other, 3. f 17; unknown, 13; vascular, 6; skin, 3. g Unknown, 74; 51; vascular, 33; pneumonia, 26; skin, 15; other, 15. h ICU, intensive care unit.
respectively, and the 30-day mortality rates were 10.9%, 12.5%, 12.5%, 15.6%, and 6.5%, respectively.
Kaplan-Meier mortality curves are shown in Fig. 2C . The results of univariate analysis for cure/improvement and 30-day mortality are shown in Tables S10 and S11 in the supplemental material. In the multivariate logistic regression models, and after controlling for propensity score and other variables, empirical and targeted therapy with carbapenems showed no significant effects on cure/improvement rates at day 14 or on mortality rates compared to the rates in any of the other groups (Tables 2  and 3 ). Adding individual or grouped centers did not change the results.
DISCUSSION
Our results strongly support the hypothesis that active BLBLIs are not inferior to carbapenems for the treatment of BSI due to ESBL-E in different clinical scenarios. Importantly, these data not only support previous data on BSI due to E. coli with a urinary and biliary tract source (11) but also suggest that BLBLIs may, if active in vitro, be useful alternatives to carbapenems for the treatment of BSI due to any ESBL-E from any source if used at appropriate doses. Our data refer to susceptible isolates, which is clearly relevant for targeted therapy; however, it is also relevant for empirical decisions in which an evaluation of the patient's individual risk for ESBL producers and the local epidemiology data on susceptibility of ESBL producers to BLBLIs are to be taken into account.
BLBLIs have been shown to be as effective as carbapenems for the treatment of diverse severe infections in randomized trials (21) . The reasons for raising doubts about the efficacy of BLBLIs in the treatment of severe infections caused by ESBL-E include the fol- lowing. First, the observation that PTZ (but not AMC) is less active in vitro when tested against a high inoculum of bacteria (22) . However, such an effect also occurs in non-ESBL producers. Second, the results from some animal data suggesting a lower efficacy than for carbapenems against isolates producing TEM-type ESBLs (23, 24) and some anecdotal failures (25) . And third, the fact that the MICs of carbapenems (except ertapenem) are usually several dilutions below the breakpoints, while those of BLBLIs are frequently nearer the breakpoint (1, 26) . In fact, a specific analysis suggested that PTZ may be less effective in patients with severe non-urinary tract bacteremic infections caused by borderline-susceptible ESBL-producing E. coli (27) . Interest in BLBLIs was raised when a post hoc analysis in patients with BSI due to ESBL-producing E. coli (mostly from the urinary and biliary tracts) (11) and a recent meta-analysis of mostly small observational studies could not show that empirical or targeted therapy with BLBLIs was associated with worse outcomes than carbapenems (12) . Interestingly, however, a recent retrospective study from one center showed lower survival among patients treated with BLBLIs (13). This is an observational study, and thus, the typical limitations of this design apply, including lack of randomization, the potential effects of unmeasured variables, and residual confounding (14) . Although this study has, to the best of our knowledge, the biggest sample size published to date, its statistical power is still limited and cannot exclude a potential relevant difference between carbapenems and BLBLIs. Additionally, we could not study the real exposure to the drugs used because drug levels were not measured. However, the data reflect clinical practice. Nevertheless, this study has some methodological strengths, which should be taken into consideration. The hypothesis, design, and statistical analysis plan were preregistered so as to avoid casual post hoc findings, as recommended for observational studies (14, 28, 29) . Very strict criteria for the assignment of treatments were applied. Treatment changes are frequent in real life, making it difficult to assign patients appropriately to a specific antibiotic in observational studies; in fact, most observational studies lack appropriate criteria for assignment (14) . We used clinical response and mortality as the main outcome measures. Previous studies mainly evaluated mortality, which has the advantage of being a "hard" outcome but may underestimate differences between drugs; we therefore also used clinical response, a "softer" but probably more sensitive outcome measure. Finally, we used advanced methods to control for confounding and center effects (14) . Other strengths of our study are the inclusion of cases from diverse geographical locations, with infections caused by non-E. coli species, and with non-urinary tract sources. A randomized controlled trial would be the best way to demonstrate that BLBLIs are noninferior to carbapenems; the MERINO trial, now recruiting in Australia, Singapore, and New Zealand, will compare PTZ and meropenem in the treatment of BSI due to ESBL-E (Australian New Zealand Clinical Trials Registry no. ACTRN12613000532707; https://www.anzctr.org.au /Trial/Registration/TrialReview.aspx?idϭ363706).
The rates of susceptibility of ESBL-E to BLBLIs are heterogeneous, depending on the species and geographical location (6-11, 30, 31) . Therefore, local susceptibility patterns of ESBL-E must be considered. However, ESBL-E are frequently susceptible to PTZ in many areas of the world. Our data among the patients treated empirically with PTZ and AMC are similar to the rates of suscep-tibility reported by other authors (frequently higher than 70% for PTZ [6] [7] [8] [9] [10] and higher than 60% for AMC [11, 30] ). Finally, these results encourage the further investigation of newer BLBLI combinations that are active even against some carbapenemase-producing Enterobacteriaceae. One issue of importance is whether PTZ and AMC are equally effective. As stated above, AMC does not suffer from inoculum effect (22) and showed better activity than PTZ in an experimental murine sepsis model caused by ESBL-producing E. coli (32) . Subgroup analyses did not show differences when PTZ or AMC alone was compared to carbapenems. However, more data are needed to investigate the comparative efficacies of AMC and PTZ. Of note, whether PTZ has any advantage over ertapenem as a selector for carbapenemase producers is debatable and should be studied specifically.
Klebsiella pneumoniae was independently associated with higher mortality than E. coli in adjusted analysis both in the targeted-therapy cohort and in the global-therapy cohort. Even though analyzing the impacts of specific bacteria was not an objective of this study, we think this merits further pathogenicity studies; also, this should be considered in any future outcome analysis of infections that includes different Enterobacteriaceae.
Until the results of randomized control trials are available, these data are the best evidence available to support the use of BLBLIs with in vitro activity as alternatives to carbapenems for the treatment of BSI due to ESBL-E, which may have significant implications for avoidance of the overuse of carbapenems. 
